Premutation CGG repeat expansions preCGG) within the fragile X mental retardation 1 (FMR1) gene give rise to the neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome (FXTAS), primary ovarian insufficiency and neurodevelopmental problems. Morphometric analysis of Map2B immunofluorescence reveals that neurons cultured from heterozygous female mice with preCGG repeats in defined medium display shorter dendritic lengths and fewer branches between 7 and 21 days in vitro compared with wild-type (WT) littermates. Although the numbers of synapsin and phalloidin puncta do not differ from WT, preCGG neurons possess larger puncta. PreCGG neurons display lower viability, and express elevated stress protein as they mature. PreCGG neurons have inherently different patterns of growth, dendritic complexity and synaptic architecture discernable early in the neuronal trajectory to maturation, and may reflect a cellular basis for the developmental component of the spectrum of clinical involvement in carriers of premutation alleles. The reduced viability of preCGG neurons is consistent with the mRNA toxicity and neurodegeneration associated with FXTAS.
INTRODUCTION
Fragile X syndrome (FXS) is the most common inherited form of cognitive impairment and a leading single-gene disorder associated with autism (1, 2) . FXS is caused by trinucleotide CGG repeat expansions within the 5 0 non-coding region of the fragile X mental retardation 1 (FMR1) gene that exceed 200 repeats (full mutation), at which point the promoter region of the gene generally becomes hypermethylated, leading to gene silencing and absence of the fragile X mental retardation protein (FMRP) (3 -5) . The frequency of full mutation alleles in the general population is estimated at approximately 1 out of 2500 individuals (male and female) (6, 7) . Individuals with smaller (premutation) expansions are typically unaffected by FXS. However, such carriers do display a range of clinical features, including behavioral and cognitive involvement in children (8 -11) , primary ovarian insufficiency (POI) in women (12) and a late-adult-onset neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome (FXTAS) (13 -15) .
At least 40% of male premutation carriers and 8 -16% of female carriers over 50 years of age, in families ascertained through a child with FXS, will develop clinical features of FXTAS, with phenotypic penetrance increasing with age (6, (16) (17) (18) . Clinical manifestations of FXTAS include the core features of progressive intention tremor and/or gait ataxia, frequently accompanied by Parkinsonism, neuropathy and progressive cognitive impairment (13, 19, 20) in addition to brain atrophy and white matter disease on magnetic resonance imaging (MRI) (21) . In addition to the major premutation-associated disorders, POI and FXTAS, more recently described clinical features have been described in association with premutation alleles, particularly among females; such features include thyroid disease, hypertension, seizures, peripheral neuropathy and fibromyalgia (16, 17) . Importantly, both POI and FXTAS are unique to the premutation range, which implies that FMRP deficiency, per se, is not responsible for those disorders. Instead, evidence to date from both human and animal studies indicates that these premutation-specific disorders are caused by a direct toxic gain-of-function of the premutation CGG (preCGG) repeat FMR1 mRNA (4, 20, 22, 23) . Reductions in hippocampal volume, activation and associated memory deficit, as well as reduced amygdala activation (24 -27) and psychopathology (28) appear much earlier in adulthood than do the symptoms of FXTAS (20) , suggesting that the processes that ultimately will lead to FXTAS may be operating at a much earlier age. The reports of attention-deficit hyperactivity disorder (ADHD) and autism spectrum disorders (ASD) in young boys with the premutation also suggest a neurodevelopmental component to the premutation (10, 29, 30) .
A knock-in (KI) mouse model with preCGG repeat expansion (70 -135 CGG repeats) in the homologous Fmr1 gene was shown to express 23.5-fold elevated Fmr1 mRNA, a reduced FMRP level and ubiquitin-positive inclusion bodies in the brain (31 -34) . Although this mouse does not recapitulate the human disease FXTAS (35) , the mice do show agedependent cognitive decline and neuromotor disturbances (36). In addition, several hormonal abnormalities were reported, including higher serum stress hormone levels and altered regulation of the HPA axis (31) .
Here, we report that hippocampal neurons cultured from heterozygous female mice with one Fmr1 allele in the highpremutation range (155-200 CGG repeats, designated preCGG) exhibit elevated Fmr1 mRNA but only modest reductions of FMRP. Compared with neurons cultured from WT littermates, preCGG neurons have (i) early developmental deficits in attaining dendritic complexity, (ii) altered synaptic morphology, (iii) elevated mRNA and proteins expression levels of Cryab (alpha B-crystallin gene), Hsp27 and Hsp70 stress markers by 14 days in vitro (DIV), (iv) decreased viability that becomes apparent at 21 DIV and is pronounced by 28 DIV, and (v) incomplete X-chromosome inactivation (XCI) expression of the affected allele in enough cells to permit significant phenotypic penetrance of the premutation allele in females. Low-density hippocampal neuronal cultures from FXTAS mice recapitulate neurodevelopmental and neurodegenerative aspects of FXTAS in vivo and have several major theoretical and practical implications.
RESULTS

PreCGG neurons express elevated Fmr1 mRNA but only modestly reduced levels of FMRP
Primary hippocampal cultures grown in serum-free medium can serve as a model system to study neuronal development, synapse formation and neurotransmission (37, 38) . Murine hippocampal neurons were prepared on postnatal day 02 from heterozygous preCGG (155 -200 repeats) and their WT littermates. Hemizygous male with WT female mice serve as our breeding pairs. This allows us to identify heterozygous female litters as KI heterozygous preCGG and male litter as WT the day they are born without prerequisite genotyping prior to making low-density cultures of primary hippocampal cultures. The design also permits evaluation of the preCGG allele's phenotypic penetrance, or whether XCI is sufficiently skewed against the preCGG allele to mask the phenotype. Hippocampal cultures grown in microtiter plates were fixed at 14 DIV and stained with a polyclonal chicken antibody that binds FMRP. Utilizing an in situ western blotting method, commonly termed 'in-cell western' (39) , we quantified the level of FMRP expression within its neuronal context. Using this method, the ratio of each FMRP signal to that of nuclear staining with DraQ5 (40) provides a quantitative way to normalize differences in cell density among culture wells. As shown in Figure 1A -C, heterozygous preCGG neurons express 72.6 + 5.4% of the FMRP levels found in WT littermate neurons. Results from RT -PCR analyses show that heterozygous preCGG neurons (155 -200 CGG repeats) show 2.6 + 0.32-fold higher Fmr1 mRNA levels than the WT littermate controls (Fig. 1D ). These observations are consistent with the previous findings of reduced FMRP and elevated Fmr1 mRNA levels in brain lysates prepared from heterozygous preCGG KI mice expressing 170 heterozygous preCGG (4, 31, 32) , and also consistent with findings from human premutation carriers and FXTAS patients (9, 23) . Therefore, the presence of both significantly elevated Fmr1 mRNA and mildly reduced FMRP establishes the heterozygous preCGG KI neurons a good model to study the neuropathology and the underlying molecular pathogenic mechanism(s) involved with FXTAS and earlier manifestations of the expression of premutation alleles.
PreCGG neurons have reduced dendritic complexity throughout in vitro development
We investigated whether hippocampal neurons from premutation mice exhibited patterns of dendritic growth and complexity different from those of WT littermates by staining the cells with an antibody that specifically recognizes the microtubule-associated protein Map2B ( Fig. 2A ). The heterozygous preCGG neurons consistently showed reduced dendritic growth and branching complexity that manifests early in their developmental trajectory. Figures 2B and C are the results of morphometric analyses at 7, 14 and 21 DIV. At 7 DIV, the average dendritic length is 35% shorter (P , 0.0001), with 39% fewer branching points (P ¼ 0.0007) in preCGG neurons compared with WT. By 21 DIV, preCGG neurons extend their total dendritic length 2.5-fold and increase their number of dendritic branch points 2-fold, indicating an inherent ability of these neurons to achieve a growth trajectory in vitro. Nevertheless, preCGG neurons lagged behind WT neurons, only reaching 80% of the total dendritic length and 57% of the dendritic branch points measured in WT neurons isolated from littermates by 21 DIV (Fig. 2 B and C) . These results represent the first demonstration of inherent impairments in the developmental trajectory of neurons cultured from preCGG repeat expansion mice.
PreCGG neurons have increased presynaptic synapsin and postsynaptic phalloidin puncta volumes
Synaptic architecture of cultured neurons at 14 and 21 DIV was examined by morphometric analysis for patterns of synapsin and phalloidin labeling. Synapsin is a presynaptic vesicle protein that labels presynaptic termini, whereas phalloidin binds to F-actin, a key component of the postsynaptic compartment. The synapsin and phalloidin puncta were quantified blinded to genotype. Heterozygous preCGG neurons were found to have larger synapsin and phalloidin puncta compared with the WT at both 14 and 21 DIV ( Fig. 3 ), whereas the average intensity and total counts did not differ between genotype (data not shown). Interestingly, the divergence between heterozygous preCGG KI and WT in mean synapsin and phalloidin puncta size remained similar between 14 and 21 DIV, suggesting that alterations in presynaptic and postsynaptic architecture associated with heterozygous preCGG neurons manifest early in the maturation process and are sustained. Figure 3E summarizes results from in-cell western exper-iments showing that, at 14 DIV, heterozygous preCGG hippocampal neurons have higher levels of synapsin expression than WT neurons cultured from littermates.
PreCGG neurons possess elevated heterochromatin at 14 and 21 DIV
To determine whether heterozygous preCGG neurons display an immature phenotype, we analyzed nuclear size and morphology of heterochromatin. Hippocampal neurons cultured from heterozygous preCGG KI and WT littermates were stained with the nuclear stain Dapi (4 0 ,6-diamidino-2phenylindole). Compared with WT neurons, heterozygous preCGG neurons have similar nuclear size (area) at 7, 14 and 21 DIV ( Fig. 4 A and B ). However, by 14 and 20 DIV, heterozygous preCGG neurons have a significantly greater amount of heterochromatin per nucleus ( Fig. 4C ) than the WT neurons, associated with smaller heterochromatin size (area) compared with WT at all three DIVs (Fig. 4D ). Fmr1 mRNA-level comparison between heterozygous preCGG KI neurons and WT at 14 DIV after plating. Quantitative RT-PCR was performed and Fmr1 mRNA level was measured; heterozygous preCGG neurons show 2.6 + 0.3-fold higher Fmr1 mRNA level than the WT littermate control (P , 0.0001). The P-values are calculated using two-way ANOVA based on RT-PCR results obtained from two independent cultures derived from WT and preCGG littermates (N ¼ 2), each performed in duplicate with three starting RNA concentrations (see Materials and Methods for details).
PreCGG neurons show decreased survival between 21 and 28 DIV
Neuronal cultures from heterozygous preCGG mice have lower viability upon maturation compared with those cultured from their WT littermates. Heterozygous preCGG and WT neurons (7 -28 DIV) were examined for the evidence of dendritic retraction and loss of viability by performing morphometric analysis of cells that stained for both Map2B and Dapi, relative to the total number of Dapi-positive nuclei. Figure 5 shows that 7 and 14 DIV neuronal cultures from heterozygous preCGG and WT mice display similar ratios of Map2B-/DAPI-positive cells. However, by 21 DIV, cultures obtained from heterozygous preCGG mice exhibited significantly lower ratios of Map2B-/Dapi-positive staining compared with WT, and declined to 10% (compared with 40% in WT) at 28 DIV ( Fig. 5B ). Figure 6 shows weekly in-cell western analysis of Map2B fluorescence normalized to cell number with the nuclear stain DraQ5. These results show that although heterozygous preCGG and their corresponding WT littermates have similar Map2B staining densities at 7 DIV, preCGG neurons lag behind WT in their ability to gain Map2B protein at 14 and 21 DIV (Fig. 6A ). By 28 DIV, preCGG cultures lose a significant amount of Map2B staining compared with WT ( Fig. 6 A, lower panel), suggesting a significant loss in viability or reduced overall complexity. The low-density culture system we used in this study has a relatively low composition of glia cells (,10% around 10 DIV (41)). To rule out the possibility that glia cell overgrowth in the preCGG cultures might contribute to neuronal loss at the later stages of development (21 -28 DIV), we performed dual in-cell western analysis with antibodies that recognize GFAP and Map2B. Interestingly, both preCGG and WT cultures have comparable number of GFAP-positive cells ( Fig. 6B ), suggesting that glia cell overgrowth in the preCGG cultures is not a major contributor to premature loss of viability but is more likely to be the result of inherent deficits in the preCGG neurons themselves.
Cell viability was also independently measured by the reduction of [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) as previously described for serum-free neuronal cultures (42) . Figure 6C displays weekly MTS assays of heterozygous preCGG neurons and WT littermates. At 7 and 14 DIV, preCGG and WT neurons did not show differences in cell viability. But at 21 and 28 DIV, preCGG neuronal cultures showed significantly reduced viability (26 and 45% lower, respectively; Fig. 6C ) compared with those cultured from their corresponding WT littermates.
PreCGG neurons express elevated stress proteins and their mRNAs
The neuropathologic hallmark of FXTAS is the presence of ubiquitin-positive intranuclear inclusions, in both neurons and astrocytes, and in broad distribution throughout the cerebrum and brainstem (43, 44) . Double immunofluorescence staining demonstrates co-localization of several stress proteins, includ- (Fig. 7C ). The elevated mRNA levels for these stress proteins in preCGG neuronal cultures mirrored elevated levels of their corresponding proteins measured by in-cell western analysis ( Fig. 7 A -C, lower panels).
DISCUSSION
In the current study, we mated X preCGG Y male with X wt X wt female mice to yield littermates of two defined genotypes; heterozygous female offspring that carried an expanded CGG repeat in the high premutation range (155 -200 CGG repeats) on one allele, and WT male offspring. Using this breeding strategy, preCGG and WT mice could be separated by gender at birth, allowing for the preparation of serum-free low-density primary cultures (38) segregated into preCGG and WT hippocampal neurons from littermates. Although this experimental approach was utilized to minimize external influences introduced by an across-litter design, it would be expected to yield smaller effect sizes than would a comparison between hemizygous males and WT non-littermate males, since the latter strategy would not be subject to the attenuating effects of inactivation of the preCGG allele. Unlike the case of mice with mutant Mecp2 alleles, where the huge phenotype variability and neuronal culture survival studies indicate Xinactivation in these mice highly favors expression of the wildtype (WT) allele (46) , no significant skewing of X-inactivation is expected for the Fmr1 premutation mouse model. There is also evidence that females who harbor premutation alleles do not display significant skewing against the expression of the X allele with the CGG expanded repeat and toward the normal repeat (18) . Indeed, heterozygous mouse neurons that harbor preCGG expansions in the upper portion of the premutation range express nearly 3-fold higher levels Fmr1 mRNA, yet levels of FMRP are reduced by only 25% compared with those from WT littermates. The patterns of these two key markers mirror those observed in preCGG carriers and 
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Human Molecular Genetics, 2010, Vol. 19, No. 1 FXTAS in humans (9, 23) . Along with elevated mRNA and protein level of stress proteins (including alpha B-crystallin, Hsp27 and Hsp70), the findings of the elevated Fmr1 mRNA and reduced FMRP protein levels, which mimic the human disease, make the hippocampal neuronal culture a very good model for studying mechanism and develop treatment for FXTAS. The recent finding that preCGG expressed ectopically in Purkinje neurons, outside the context of Fmr1 mRNA, can result in neuronal pathology in a mammalian system demonstrates that expanded CGG repeats containing RNA are the likely cause of the neurodegeneration in FXTAS (47) .
A priori, the abnormal cellular and molecular phenotypes (including puncta volumes, altered mRNA and protein expression levels, etc.) observed for pooled neuronal cultures from heterozygous female mice are expected to be about half of the magnitude of the differences expected for hemizygous mice (assuming a linear model), since in the absence of skewing, the X-activation ratio should tend toward 0.5. Nevertheless, the importance of the current observations is the unequivocal observation of a neuropathology in the heterozygote, thus reinforcing the expectation based on clinical involvement in female carriers (16 -18) , that abnormal neural cell function would be manifest in heterozygous mice and cultured neurons. The variation observed in the levels of Fmr1 mRNA and FMRP among culture wells containing preCGG neurons within replicates and among independent cultures (Fig. 1) is likely to reflect an XCI pattern that cannot totally favor against the mutant allele. Instead, our findings suggest that XCI does not abrogate the phenotype of the mutation.
Heterozygous female hippocampal neuronal culture showed significant deficits intrinsically in both neurodevelopmental and neurodegenerative aspects.
Morphometric analysis of dendritic complexity and nuclear architecture indicates the impaired trajectory of in vitro neuronal maturation between 7 and 21 DIV. Dendritic pathology is indicated in a number of syndromic disorders with cognitive impairment, such as Down's syndrome as well as those arising from environmental insults including prenatal alcohol exposure, drug exposure, intrauterine cytomegalovirus and rubella infection (48) . Deficits commonly include reduced dendritic complexity. The properties of dendritic signaling are remarkably diverse and dynamic, and chemical and electrical compartmentalization in dendrites defines rules for synaptic plasticity and enhances the overall computational capacity of dendrites. The diversity of dendritic excitability arises from variations in dendritic morphology and channel distributions, whereas the modulation of synaptic and voltage-gated channels results in dynamic, state-dependent changes in function. Therefore, dendritic branching complexity is crucial to synaptic integration (49) . Heterozygous preCGG neurons show inherent impairments during the entire in vitro developmental trajectory, suggesting one possible cellular mechanism, reduced dendritic complexity, significantly contribute to increased risk for neurodevelopmental and cognitive deficits in premutation carriers and why these deficits become progressively severe over time (27) .
Altered dendritic spine number and structure are associated with cognitive impairment, FXS and autism (50 -54) . However, unlike FXS, where the FMR1 gene is silenced and FMRP is deficient, preCGG neurons studied here exhibited Human Molecular Genetics, 2010, Vol. 19, No. 1 201 only a modest reduction in FMRP levels. Upon evaluating their dendritic spine properties, we found that the heterozygous preCGG neurons have increased presynaptic synapsin punctum volume (average number of voxels per punctum), broader and wider spine heads, but similar puncta intensity (average intensity per punctum) and total puncta count. The in-cell western measures the total level of the synapsin protein of a large number of neurons per well, and is the product of puncta intensity, puncta volume and the number of puncta. Larger synapsin bouton size in primary hippocampal neuronal culture has also been reported in the b2 m/TAP1 knock-out (KO) mice, which have reduced MHC-I surface levels (55) . The SynGAP KO mouse also shows significantly larger postsynapstic protein puncta and synapsin puncta in primary hippocampal neuronal culture. These neurons also have larger dendritic protrusions (56) . Trinucleotide expansion repeats are responsible for a heterogeneous number of disorders including some myotonic dystrophy type 1 and 3, Friedreich ataxia and FXS. Although the repeats are located in different parts of different genes, they may share a common property, the ability to initiate repeat-mediated epigenetic changes that result in the formation of heterochromatin (57, 58) . Results from neurons cultured from mice expressing the preCGG expansion support this hypothesis in that their nuclei contain smaller and more abundant heterochromatin than neurons cultured from their WT littermates. Similar to other neurodegenerative disorders such as Parkinson disease, survival in FXTAS appears to be shortened (59) . In accord with this clinical observation, our current study has provided the first evidence that heterozygous preCGG neurons have reduced survival relative to WT control neurons under culture conditions that use serum-free-defined medium (NS21; (38) ), and these impairments do not appear to be associated with over-growth of the cultures with glia. The cellular basis (apoptosis, authophagy or paraptosis) contributing to the reduced neuronal viability with heterozygous preCGG KI neurons remains to be determined. However, the observation of reduced viability may reflect similar processes that are taking place in patients with FXTAS, who demonstrate reductions in brain volume as well as substantial dropout of cerebellar Purkinje cells (43, 60, 61) . Alpha Bcrystallin, a small heat shock protein (HSP), is a component of the Lewy bodies of Parkinson disease (62) and of Rosenthal fibers, a cytoplasmic inclusion found in the astrocytes of Alexander disease patients (63) . Although it is unknown what role these proteins play in the disease formation of FXTAS, we postulate that these elevated mRNAs might contribute to the early death of the hippocampal neurons from the heterozygous preCGG KI mice.
In summary, our findings show for the first time that hippocampal neurons cultured from mice expressing Fmr1 CGG expansion repeats within the premutation range found in humans (preCGG mutations) have developmental and degenerative impairments compared with cultures from WT littermates. In this regard, early impairments in the developmental trajectory of dendritic growth and complexity, as well as altered synaptic architecture, have not been previously identified for preCGG mutations in Fmr1 gene. Moreover, the cultures of enriched, low-density neurons from preCGG mice identify an inherent abnormality of the neurons expressing CGG expansion repeats. The discovery that early developmental impairments precede premature loss of viability is a significant new finding since it paves the way for novel insights into potential therapeutic interventions. Such interventions in patients with the premutation may include neuroprotective agents, antioxidants, psychopharmacologic agents or targeted treatments in addition to intensive early interventions for learning and behavior (64) .
Our findings show that neurons cultured from mice expressing Fmr1 CGG expansion repeats have significantly higher Fmr1 RNA but only modest reductions in FMRP, which accurately models the human premutation condition. Our findings clearly demonstrate that mice expressing Fmr1 CGG expansion repeats do not show skewed XCI to the extent of abrogating either the developmental or the degenerative phenotypes we have identified. For the first time, we show that females heterozygous for the CGG expansion repeat produce hippocampal neurons that have intrinsic impairments in both their developmental trajectory and show premature neurodegeneration relative to those cultured from WT littermates. Cultures from Mecp2 mutation mice, a model of Rett syndrome, were shown to have significantly skewed XCI that increases the phenotypic variability and significantly diminishes phenotypic severity (46) . Our results with neurons from female mice carrying the premutation on one allele indicate that XCI is not complete and has significant consequences on neuronal development and survival. These results are consistent with random XCI recently identified in human female premutation carriers (18) .
The present study is also the first to identify the presence of elevated stress markers (alpha B-crystallin, Hsp27 and Hsp70) mRNA and protein levels, directly in affected neurons. These findings are significant since elevated levels of these very same stress markers have been identified in human fibroblast from patients with the FMR1 premutations (Garcia-Arocena et al., submitted for publication).
MATERIALS AND METHODS
Mouse models
Both the expanded CGG repeat KI (preCGG KI) mice and the WT mice with an endogenous (CGG) 8 repeat were housed under standard conditions. Hippocampal primary neuronal cultures were prepared from the brains of 0 -2-day-old (P 0 -2) WT mouse pups or female pups carrying one expanded (CGG) n repeat (range: 155 , n , 200; designated preCGG) on a C57BL/6J background. Pups were obtained by breeding male hemizygous mice for a CGG expansion ranging 150 -180 on the Fmr1 gene to WT females. This yielded heterozygous female offspring that carried one expanded preCGG repeat and male WT offspring. Using this breeding strategy, WT and preCGG mouse pups could be identified and separated by sex at birth, allowing for the successful preparation of primary hippocampal cultures from WT and preCGG KI mice pups. Genotypes were later verified by PCR from the remaining tissues from the pups as described previously (31) . Founder mice with expanded CGG trinucleotide repeats were obtained from Erasmus University and have been described previously (34, 65) . These mice were originally on a mixed FVB/N Â C57BL/6J background. The mice used in the present study to generate pups for tissue culture were bred from these founder mice onto a C57BL/6J background over at least seven generations to be .98% C57BL/6J by microsatellite genotyping.
Genotyping of the mice
DNA was extracted from mouse-tail snips by incubating with 10 mg/ml Proteinase K (Roche Diagnostics) in 300 ml lysis buffer containing 50 mM Tris -HCl, pH 7.5, 10 mM EDTA, 150 mM NaCl, 1% SDS overnight at 558C. An amount of 100 ml saturated NaCl was then added, and the suspension was centrifuged. One volume of 100% ethanol was added and gently mixed, the DNA was pelleted by centrifugation and the supernatant discarded. The DNA was washed and centrifuged in 500 ml 70% ethanol. The DNA was then dissolved in 100 ml milliQ-H 2 0. CGG repeat lengths were determined by PCR using the Expanded High Fidelity Plus PCR System (Roche Diagnostics). Briefly, 500 -700 ng of DNA was added to 50 ml of PCR mixture containing 2.0 mM of each primer, 250 mM of each dNTP (Invitrogen), 2% DMSO (Sigma), 2.5 M Betaine (Sigma), 5 U Expand HF buffer with Mg (7.5 mM). The forward primer was 5 0 -GCTCAGCTCCGT TTCGGTTTCACTTCCGGT-3 0 and the reverse primer was 5 0 -AGCCCCGCACTTCCACCACCAGCTCCTCCA-3 0 . PCR 
204
Human Molecular Genetics, 2010, Vol. 19, No. 1 steps were 10 min denaturation at 958C, followed by 34 cycles of 1 min denaturation at 958C, annealing for 1 min at 658C, and elongation for 5 min at 758C to end each cycle. PCR ends with a final elongation step of 10 min at 758C. Band sizes were determined by running DNA samples on a 2.5% agarose gel and staining DNA with ethidium bromide.
Primary cultures of mouse hippocampal neurons
Low-density cultures of dissociated hippocampal neurons were prepared as described (38, 66) . Briefly, hippocampi from P0-2 postnatal mice (WT and heterozygous preCGG KI mice were described earlier) were incubated in HEPES buffered saline (Ca 2þ /Mg 2þ free; HBS 0/0), containing trypsin (0.03%), at 378C for 20 min and washed three times with HBS 0/0 before dissociating the cells with a fire-polished Pasteur pipette. After non-dispersed pieces had settled, cells in the supernatant were spun down (1100 r.p.m., 200g, 1 min), resuspended, counted and plated at a density of 3-6 Â 10 3 cm 21 on coverslips (Warner Instruments, Hamden, CT, USA) coated with 0.1% (w/v) poly-L-lysine (Peptides International, Louisville, KY, USA) in neurobasal medium (Invitrogen, Carlsbad, CA, USA) containing NS21 supplement (38) , 0.5 mM glutamine and 5% fetal bovine serum (FBS). After 4 h, the medium was replaced with serum-free neurobasal medium supplemented with NS21 and 0.5 mM glutamine. Cells were maintained at 378C in a humidified environment of ambient air/5% CO 2 . One-third of the medium was changed after 4 DIV and weekly thereafter. Cultures were used weekly until 4 weeks old.
In-cell western analysis
In-cell western analyses were done according to the manufacturer's specifications. 
Quantification of mRNA levels
Primary hippocampal cultures were plated on poly-L-lysine-coated 96-well plates at a density of 6000 cells/well (two plates for each sample: two normal male controls and two female KI mice). From each genotype, 14 DIV cultures were pooled together, and total RNA was isolated using standard methods (Trizol, Invitrogen). Quantitative RT -PCR was performed on a TaqMan real-time PCR instrument (ABI 7900, Applied Biosystems, Foster City, CA, USA) using TaqMan PCR chemistry that specifically utilizes the 5 0 -nuclease activity of the Taq polymerase to cleave a reporter probe to release a fluorescent dye from its quencher molecule. The change in fluorescence can be measured in real-time. Quantitative RT -PCRs were performed from two independent cultures derived from WT and preCGG littermates (N ¼ 2). Each RT -PCR was performed in duplicate with three starting RNA concentrations (500, 250 and 125 ng), for both the target gene and the GUS amplicons (a total of 12 reactions). Control reactions (for both the target genes and the reference gene) were run in parallel with the use of a standard normal control. The specific probe and the primer set for each gene used in the analysis (Fmr1, Hsp27, Hps70 and Cryab; target genes) spanned an exon -exon boundary in order to exclude genomic DNA contamination and were obtained from Applied Biosystems (AOD, Applied Biosystems, Foster City, CA, USA). The Glucoronidase (GUS) gene was used as a reference gene. Details and conditions are as described in Tassone et al. (68) .
Celltiter 96w AQ ueous non-radioactive cell proliferation assay (MTS)
Primary hippocampal neurons were cultured at a density of 6000 cells per well in flat-bottomed 96-well plates. After 14 days, CellTiter 96w Aqueous One Solution Reagent (Promega, Madison, WI, USA) was added to each well according to the manufacturer's instructions. In brief, the reagent is composed of solutions of a novel tetrazolium compound MTS (inner salt) and an electron-coupling reagent PMS (phenazine methosulfate). MTS and PMS detection reagents were mixed, using a ratio of 20:1 (MTS:PMS), immediately prior to the addition to the cell culture at a ratio of 1:5 (detection reagents:cell culture medium). The first and last rows of the plate were left blank as the plate background control. The WT and heterozygous preCGG neurons were cultured on the same plate side by side in the middle rows of a 96-well plate. After 2 h in culture, the cell viability was determined by measuring the absorbance at 490 nm using a computerconnected Spectra max Plus 384 (Molecular Devices, CA, USA). The Softmax Pro software generates the reading of the 490 nm absorbance and can be exported to Excel for analysis and graphing.
Immunocytochemistry and antibodies
Following fixation, cells were thoroughly washed with PBS, permeabilized with 0.05% Triton X-100 (20 min), blocked (PBS containing 2% glycerol, 0.05 M NH 4 Cl, 5% FBS, 2% goat serum; 2 h), incubated with primary antibodies (1.5 h at Human Molecular Genetics, 2010, Vol. 19, No. 1 205 room temperature or overnight at 48C), washed, incubated with Alexa 488-or Alexa 568-conjugated secondary antibodies (Molecular Probes, Eugene, OR, USA; goat anti-rabbit and goat anti-mouse diluted 1:500; 1 h, room temperature), washed and mounted in Prolong Gold Antifade mounting media with DAPI (Molecular Probes). Primary antibodies were rabbit anti-synapsin (Synaptic Systems GmbH, 1:1000); mouse monoclonal anti-Map2B (Transduction Laboratories, Lexington, KY, USA, 1:500); Alexa 488-conjugagted phalloidin (Molecular Probes, 1:200); rabbit polycolonal anti-Cryab (Santa Cruz Biotechnology, Inc., Santa Crutz, CA, USA); rabbit polycolonal anti-Hsp70 (Santa Cruz Biotechnology); rabbit polycolonal anti-Hsp27 (Santa Cruz Biotechnology).
Image acquisition
Neurons were fixed and stained weekly. Fluorescence microscopy was performed using The DeltaVision Core Imaging System (Applied Precision, LLC, WA, USA) for Alexa 488 (490 nm band-pass excitation, 528 nm long-pass emission) and Alexa 568 (555 nm band-pass excitation, 617 nm long-pass emission). All images were taken as 3D stacks for further deconvolution and better analysis. The acquisition and analysis of immunofluorescence was conducted with the experimenter blinded to genotype. For each culture experiment, neurons (N ¼ 5 -7) were picked at random from two coverslips for each genotype for quantitative analysis. Each experiment was replicated on three separate culture days (i.e. separate litters).
Image analysis and statistics
In all cases, the image analysis was blinded to the researcher of the genotype. Images were deconvoluted and processed using Softworx software (Applied Precision, LLC). The synapsin and phalloidin puncta analysis and the nuclear heterochromatin quantification were performed using a customized Matlab image analysis toolbox (The Mathworks, Natick, MA, USA). The size (area) of nuclei and the heterochromatin contained within were computed using NIH ImageJ. The dendritic analysis of the neurons was performed using Imaris FilamentTracer manual mode according to the software manual (Bitplane AG, Zurich, Switzerland). In all cases, statistics are done with two-way ANOVA among different culture days between genotypes using statistical software Prismw (GraphPad Software, Inc., CA, USA). P , 0.05 indicated a statistically significant difference between genotypes.
